The environmental stress cracking resistance of halloysite nanoclay-polyester nanocomposites was investigated using fracture mechanics approach. The incorporation of halloysite nanoclay was found to improve the environmental stress cracking resistance of the nano-composites. The storage modulus of nano-composites measured by dynamic mechanical analysis increased remarkably as a function of halloysite nanoclay content. At 0.7 wt% nanoclay, the T g improved from 72˚C to 76˚C. The fracture toughness increased up to 33% and time to failure improved 155% with the addition of 0.7 wt% of halloysite nanoclay. The maximum microhardness was found 119% higher for the same nano-filler concentration compared to monolithic polyester. The reinforcement with 1 wt% showed lower fracture toughness due to agglomerations of nanoclay which act as flaws. The presence of agglomerates weakened the bond between nano-particles and matrix hence reduces the environmental stress cracking resistance by halloysite nanoclay reinforcement.
Introduction
Nano-composite materials were typically used in various components and constructions of wind turbine blades, aircraft, automobile, sporting goods and marine structures [1] [2] [3] . However, the disadvantage of using polymer based materials is the deterioration mechanical properties triggered by aggressive liquid contact such as methanol, isopropanol and acetone [4] [5] . Environmental stress cracking failure can occur on polyester based products far below the fracture strength since most composites subjected to external stress are vulnerable to aggressive liquid exposure [6] [7] . Bottles, vessels, and pipes are normally in contact with liquid media which leads to deterioration in mechanical properties [8] [9] . In certain applications of polymer nano-composites, the interaction with liquid environment is inevitable and could lead to failure. The liquid exposure causes the environmental stress cracking failure and degradation to the polymer matrix. The degree of liquid absorption and polymer degradation can be reduced by using nano-fillers such as nanoclay. Alamri and Low in their research reported that halloysite nanoclays were able to reduce water absorption and increase the mechanical properties of epoxy through uniform dispersion [10] [11] .
Halloysite nanoclay is in form of tubular structure produced from natural deposits in countries such as China, America, Brazil and France [12] [13] . The use of nano-particles with polymers could enhance fracture toughness without compromising properties such as strength, modulus, thermal stability, flame retardancy and glass transition temperature [14] [15] . In nature, halloysite nanoclay is nontoxic and has tuneable release rates which make them suitable in biomedical applications [16] . Another advantage of clay/polymer nanocomposites mentioned by other researcher is that, the optical clarity of the polymer is not significantly reduced [17] . The tubular structure, low percolation and good aspect ratio make nanoclay a potential reinforcement for unsaturated polyester resin. The unique properties make them as excellent candidate for drug delivery, water purification and polymer composites applications [18] . Halloysite nanoclay, either as it is or after modification, is recognized as one of the materials of the 21 st century because it is abundant, relatively cheap and environmentally safe [19] . For thermoplastic based polymers, the cracking agent does not cause a chemical degradation of the polymer, instead penetrates slowly into the polymer matrices under tension and causes hydrostatic pressure which speed up the cracking propagation and produces catastrophic failure of plastic components [20] This study is aimed to improve knowledge of the environmental stress cracking resistance of halloysite nanoclay-polyester nanocomposites exposed to aggressive environment. Various research publications have discussed the engineering properties of polymer nano-composites exposed to water [10] [27].
However, there is no publication where halloysite nanoclay-polyester nanocomposites subjected to methanol and simultaneous constant loading. The fracture mechanics approach were previously used by Moskala [28] and Friedrich [7] , both of them have never used the fracture mechanics approach to obtain fracture toughness (K 1C ) without the presence of liquid medium. This is simply because the environmental stress cracking failure only occurred when there is interaction of chemical reaction and stress field at crack tip. In the past, the application of fracture mechanics approach to study Environmental Stress Crack-ing resistance has been carried out only on thermoplastics polymers. This can be attributed to their brittle property due to the high crosslinking level [29] . We decided to use polyester (thermoset based polymer) to study the effect of direct methanol exposure on mechanical properties of halloysite nanoclay polyester nanocomposites. The high speed digital camera (EOS 600D), capable to capture 60 frame per second (FPS), which allow images to be captured during the fracture. FPS (frame per second) is a measurement for number of unique consecutive images a camera can handle each second. The final image before fracture gave the highest deformation and was measured using ImageJ software. In this research the polyester resins was used since it is one of the most commonly used thermosetting polymers because of their low cost and versatility [30] [31] [32] [33]. On the other hand, methanol is always a desirable choice as a transportation fuel due to its efficient combustion, ease of availability and distribution [24] [34]. The contact between polyester and methanol is likely to occur in automotive industry. Based on this possible interaction, the selection of polyester and methanol was selected to study the effect of halloysite reinforcement on the environmental stress cracking resistance.
Experimental Sections

Materials
Halloysite nanoclay with tubular structure was used as filler and bought from 
Samples Production
By using bath sonicator, the fillers were homogenously dispersed in unsaturated polyester resin for 30 minutes. Following thorough hand mixing for 5 minutes, the mixture of resin and catalyst then transferred into moulds for 24 h curing process at room temperature followed by post curing at 60˚C for another 2 h.
Four different weight fractions of nanoclay (0.1 wt%, 0.3 wt%, 0.7 wt% and 1.0 wt%) were used to reinforce the polyester. Dynamic Mechanical Analyzer (DMA 8000, Perkin-Elmer) was used to determine dynamic storage modulus (E') and loss modulus (E'') of the samples. The loss factor tan δ was calculated as the ratio (E''/E'). The glass transition temperature (T g ) was taken as the temperature value Equation (1) and Equation (2) were used to obtain the densification percentage.
Weight in air Experimental density
Density of water Weight in air weight in water
Characterisation
To study the fracture toughness of nanocomposites, a compact tension (CT) examination according to ASTM D5045-99 was performed at room temperature.
CT samples were produced according to the dimension shown in Figure 2 . The time to failure was also recorded to investigate the difference of each nanocomposites. A schematic illustration of the experimental work of the fracture mechanics test is shown in Figure 3 . The crack length was monitored and all images were saved using Canon EOS 600D and fracture toughness analysis. All tests were performed at room temperature 22˚C ± 1˚C and constant load of 12N was applied. The pre-crack was surrounded by the stress cracking agent during 
67-56-1:).
After the images were captured and saved in the computer, the crack length that retains a spot of light focused at the sample surface [35] . An electric motor controls the upright movement and interacts to the sample surface [36] [37].
The macro crack length is a, F is load and f (a/W) is the calibration factor for CT samples, which is as follows: 
Results and Discussion
The increase of pre-crack length before failure is a very important information to obtain the K 1C values. The crack initiation and its propagation can be seen in Figure 4 (a). The final image of 0.7 wt% nanocomposite is shown in Figure 4 (a).
The sample broke into two pieces A (fixed end) and B (direction of applied force). The image was found moved on the sided of applied load. Images in grey scales are presented in Figure 4 (b). It can be observed that the difference between pre-crack length (t = 0 s) and final length (t = 2103 s) is small but measurable. At t = 2104 s the sample broke to two pieces as shown below. Another interesting observation, the damage area was found to grow in size as well as the crack opening displacement.
The dynamic mechanical properties of the nano-composites are presented in Figure 5 and Figure 6 . The tan δ is presented in Figure 5 . The tangent of the loss angle (tan δ) for the nano-composites decreased with increasing volume fraction of halloysite nanoclay. This is consistent with the established trend of increasing storage modulus. The maximum tan δ was observed in case of monolithic polyester (1.14) and the minimum tan δ was found in case of 0. indication that nanoclay clusters may act as flaws hence lowering the storage modulus from what was expected. However, the storage modulus was much higher than monolithic polyester. The glass transition temperature is presented in Figure 7 . It can be seen that the T g improvement due to the restriction of the segmental motion of the polymers chain located near the halloysite nanoclay surface [43] . The maximum T g increased from 71.9˚C to 75.9˚C in case of 0.7 wt% reinforcement.
The densification of samples is shown in Figure 8 The softening of polymer matrix predominantly occurred to monolithic polyester samples. In contrast, samples reinforced with halloysite nanoclay showed less softening effect caused by methanol exposure. For higher microhardness values, the indenter hits perfectly on halloysite nanoclay tubes and the nano-filler can provide excellent resistant toward indentation because of its high surface ratio [35] . Previous research also revealed that methanol could have the highest diffusion rate and greatest degree of swelling on monolithic polyester [48] .
When mixed together, the liquid barrier properties of unsaturated polyester resin were improved by the reinforcement of the halloysite which was well-suited with the polymer when mixed together. This was achieved by reducing the void and increasing the penetration route of liquid [49] . Inorganic filler particles such as halloysite at nano-size can be used as reinforcement in the epoxy to produce nanocomposite. Nanoparticles dispersion into unsaturated polyester resins could be the best way in improving the integrity and sturdiness of coatings because the fillers shall eliminate micro voids and provide crack bridging. Moreover, dispersed nanoparticles can also prevent unsaturated polyester from forming aggregates especially during curing process. As a result, more homogenous coating can be produced. This is because nano-fillers can reduce micro-pores formation because of shrinkage during curing and act as a connection that joining more molecules together. Therefore, total free volume can be reduced and crosslink density increased. Unsaturated polyester resins comprising nanoparticles addition provide excellent corrosion protection and reduce the formation of cluster or blister. The variation in surface of roughness (R a ) measurement is shown in Figure 8 (e). This measurement frequently used roughness amplitude parameter as it measures the roughness of samples surfaces [36] . The minimum increase of coarseness is an evident of crack deflection mechanism, which increase absorbed energy of fracture by increasing the crack length during deformation [10] . Microscale surface roughness likely produces enhanced mechanical interlocking with the polymer chains and better adhesion [50] . On the other hand, coarser topography profile of nanocomposites can be attributed to two factors; the presence of nano-particles and plasticization effect. Exfoliated halloysite particles tend to increase micro layers. Plasticization effect increase the crack zone size and peak height of nanocomposites exposed to methanol.
SEM Images
The methanol effect on the surface of monolithic polyester is shown in Figure   9 (a). It can be observed that methanol penetrated through numbers of microvoids. In contrast, exfoliated halloysite nanoclay reinforcement offers environmental stress cracking resistance due to increase of tortuosity path. Exfoliated clay particles obtained from homogenous dispersion in polyester lead to the improvement in barrier properties. The exfoliated morphology proved to be better in increasing the path length due to high aspect ratio. The formation of large number of microcracks and the increase in the fracture surface area due to crack deflection are the major toughening mechanisms. Samples with 0.7 wt% reinforcement have good nano-filler dispersion. Moreover, significant micro cracks layer were observed from halloysite nanoclay reinforcement (Figure 9(d) ). The formation of large number of micro-cracks responsible to higher resistance of crack advancement. The adhesion between halloysite nanoclay and the polyester matrix was very strong. For 1 wt% halloysite nanoclay-polyester, stress concentration was increased by agglomerates particles that lead to premature fracture. The agglomeration of halloysite nanoclay act as stress concentrator as shown in Figure 9 (e). This was the main factor that affecting the final properties of the 1 wt% halloysite nanoclay-polyester nano-composites.
Conclusion
In this research work, the environmental stress cracking resistance of polyester and its nano-composites in methanol was investigated under the constant loading by using fracture mechanics approach. This study has shown that the environmental stress cracking effect can be reduced with the reinforcement of halloysite nanoclay. The monolithic polyester was severely affected from the direct contact with methanol compared to halloysite nanoclay-polyester nanocomposites. The maximum K 1C was observed at 0.7 wt% reinforcement with 33% improvement. The maximum time to failure and microhardness were also significantly improved by 155% and 119% (at 0.7 wt% nanoclay reinforcement) compared to monolithic polyester. This research extends our knowledge of the environmental stress cracking resistance of polyester-halloysite nanoclay. The incorporation of halloysite nanoclay into the polyester was able to reduce the effect of methanol exposure but further studies are required. It would be interesting to assess the effects of different clay based particles on the environmental stress cracking resistance of polyester using the similar fracture mechanics approach.
